Stromal cells, including fibroblasts, endothelial cells and immune cells collaborate with tumor cells to promote tumor proliferation, invasion and metastasis to distant sites. Fibroblasts are particularly important because they coordinate critical interactions between the various stromal and tumor cells by modulating the composition and function of the extracellular matrix (ECM). While normal fibroblasts prevent tumor growth and invasiveness, tumor-associated fibroblasts become reprogrammed by unknown mechanisms to co-evolve with epithelial tumor cells and provide an environment conducive for tumor initiation and progression ^[@R1]-[@R5]^. Recently, we showed that genetic inactivation of *Pten* in mammary stromal fibroblasts of mice accelerates the initiation, progression and malignant transformation of mammary epithelial tumors and that this depended on the activation of the transcription factor v-ets erythroblastosis virus E26 oncogene homolog 2 (ETS2) ^[@R6]^. Importantly, this work demonstrated that decreased PTEN protein levels were frequently observed in the stroma of human invasive breast cancer patients and were inversely correlated with the stromal expression of activated phosphorylated AKT and ETS2. In this report we show that *Pten* loss reprograms mRNA and microRNA (miR) expression profiles in normal mammary stromal fibroblasts to elicit a tumor-associated fibroblast phenotype and the reprogramming of gene expression in the entire mammary gland microenvironment. While there is extensive evidence supporting a role for miRs in tumor cells ^[@R7],\ [@R8]^, little is known about their regulation in stromal fibroblasts and whether they participate in the communication between the different cellular compartments of the tumor microenvironment. We show that miR-320 is a critical target of *Pten* in stromal fibroblasts that directly controls ETS2 expression and instructs the tumor microenvironment to suppress many of the aggressive phenotypes associated with advanced stages of breast cancer, including tumor cell invasiveness and increased angiogenic networks.

Results {#S1}
=======

*Pten* loss in stromal fibroblasts reprograms gene expression in the mammary gland microenvironment {#S2}
---------------------------------------------------------------------------------------------------

In order to explore the mechanism of how *Pten* mediated signaling in stromal fibroblasts mediates tumor suppression, we compared expression of miRs in mouse mammary fibroblasts (MMFs) containing or lacking *Pten*. The *Fsp-cre* transgene and a conditional allele of *Pten* previously established in our laboratory were used to carry out fibroblast-specific deletion of *Pten* in mammary glands of mice (*Fsp-cre;Pten^loxP/loxP^*) ^[@R9]^. Of 400 miRs profiled, 10 miRs conserved between mouse and human genomes were significantly downregulated at least 2-fold in *Pten* deleted MMFs and ([Supplementary Information Table S1](#SD1){ref-type="supplementary-material"}). Quantitative Real Time PCR (qRT-PCR) confirmed reduced expression of 9 of the 10 relevant miRs in *Pten*-null fibroblasts ([Fig. 1a](#F1){ref-type="fig"}, [Supplementary Information Table S1](#SD1){ref-type="supplementary-material"}). Together, these observations indicate that *Pten* loss influences mRNA ^[@R6]^ and miR profiles in mammary stromal fibroblasts.

We then entertained the possibility that the specific ablation of *Pten* in MMFs could lead to the reprogramming of gene expression in other cell compartments of the mammary gland. Analysis of mRNA expression profiles derived from epithelial and endothelial cells purified from *Pten^loxP/loxP^* and *Fsp-cre;Pten^loxP/loxP^* mammary glands revealed distinct sets of genes that were differentially expressed dependent on the status of *Pten* in mammary fibroblasts ([Fig. 1b](#F1){ref-type="fig"}; [Supplementary Information Fig. S1a](#SD1){ref-type="supplementary-material"}).

MiR320 in fibroblasts suppresses tumor cell growth *in vivo* {#S3}
------------------------------------------------------------

Because miRs impact wide networks of gene expression ^[@R10]^, we focused on miRs in mammary stromal fibroblasts that could potentially function to communicate *Pten* signaling to the other cells in the microenvironment. We selected miR-320 for further analysis because it was the only miR of the nine conserved murine miRs to be reported to be downregulated in human breast cancer ^[@R11]-[@R15]^ and because relatively little is known about its\' function. In four pairs of independently isolated MMF populations, miR-320 expression was significantly reduced when *Pten* was ablated and was inversely correlated with expression of the critical *Pten* target ETS2 ([Supplementary Information Fig. S1b](#SD1){ref-type="supplementary-material"}). To test whether decreased miR-320 expression had any functional consequence on the behavior of mammary epithelial tumor cells, we ectopically expressed miR-320 in *Pten*-null MMFs (see [Supplementary Information FigS2d](#SD1){ref-type="supplementary-material"}) and evaluated their capacity to support epithelial tumor cell growth in xenograft assays. A mouse mammary epithelial tumor cell line expressing a variant of the polyoma virus middle T-antigen gene (DB7) ^[@R16]^ was tagged with dsRed and co-injected with eGFP-tagged MMFs into immunocompromised mice. When compared to the co-injection of *Pten*^+/+^ MMFs, the co-injection of *Pten^-/-^* MMFs increased tumor growth four-fold, while restoration of miR-320 expression in the *Pten^-/-^* MMFs significantly reduced tumor growth ([Fig. 1c](#F1){ref-type="fig"}). Differences in tumor size were due almost exclusively to an increase in the epithelial tumor cell compartment, as determined by the ratio of dsRed tumor cells to eGFP MMFs visualized by confocal microscopy ([Supplementary Information Fig. S2a](#SD1){ref-type="supplementary-material"}). Importantly, tumors derived from DB7 cells co-injected with *Pten^-/-^* MMFs expressing miR-320 were less invasive and had diminished vasculature compared to tumors from DB7 cells co-injected with *Pten*^-/-^ MMFs ([Supplementary Information Fig. S2b, c](#SD1){ref-type="supplementary-material"}).

In order to capture the direct effects of fibroblasts on the tumorigenicity of epithelial cells without the potential confounding effects of infiltrating host stromal cells, we transiently expressed miR-320 or anti-miR-320 in MMFs and analyzed the consequences on DB7 tumor cells at an earlier time point in tumor development. These experiments had two complementary arms. First, co-injection of DB7 cells with *Pten^-/-^* MMFs was compared to the co-injection of DB7 with *Pten^-/-^* MMFs re-expressing miR-320. In this set of experiments, tumor cell proliferation, measured by BrdU incorporation, decreased by approximately 30% with miR-320 re-expression in *Pten^-/-^* MMFs ([Fig. 1d](#F1){ref-type="fig"}, top panels). The formation of new blood vessels in these tumors, as measured by CD31 immunostaining, was also significantly decreased by the re-expression of miR-320 in *Pten^-/-^* MMFs ([Fig. 1e](#F1){ref-type="fig"}, top panels). In the complementary second set of experiments, DB7 cells were co-injected with *Pten*^+/+^ MMFs or with *Pten*^+/+^ MMFs knock-downed for endogenous miR-320 (via anti-miR, see [Supplementary Information FigS2e](#SD1){ref-type="supplementary-material"}). In these experiments, tumor cell proliferation increased by approximately 25% with knockdown of miR-320 in *Pten*^+/+^ MMFs ([Fig. 1d](#F1){ref-type="fig"}, bottom panels). Similarly, the formation of new blood vessels was dramatically increased by anti-miR-320 knockdown ([Fig. 1e](#F1){ref-type="fig"}, bottom panels). Taken together, these results uncover a cell non-autonomous tumor suppressor role for miR-320 in stromal fibroblasts.

MiR-320 and PTEN expression are correlated in human breast cancer stroma but not in the tumor {#S4}
---------------------------------------------------------------------------------------------

We then examined stromal and epithelial expression of miR-320 in a panel of human invasive breast carcinoma and matched normal samples from 126 patients by *in situ* hybridization ^[@R17]^. The human genome contains eight annotated miR-320 genes that encode five mature miR variants; mouse has an ortholog for only one of these, miR-320a. We used the miR-320a sequence to design the locked oligonucleotide probe used for this analysis; however, all five variant miRs would likely be detected with the hybridization conditions utilized. Robust miR-320 expression was detected in the epithelial and stromal cell compartments of normal breast tissue but was consistently reduced in both cell compartments of invasive carcinoma samples (multispectral blue channel images and quantification in [Fig. 2a](#F2){ref-type="fig"}, light microscope images in [Supplementary Information Fig. S3a](#SD1){ref-type="supplementary-material"}). Some nuclear staining for miR-320 was also evident. This nuclear staining could be explained either by probe hybridization to nuclear pre-miR forms or by nuclear re-localization of the mature miR ^[@R18]-[@R22]^

Multispectral imaging of samples stained for both PTEN and miR-320 demonstrated that their expression could be co-localized in the tumor stroma ([Fig. 2b](#F2){ref-type="fig"}; [Supplementary Information Fig. S3b](#SD1){ref-type="supplementary-material"}). When the staining of PTEN and miR-320 were scored, a significant positive correlation between PTEN and miR-320 expression in the tumor stroma was revealed (Spearman rho=0.24, p=0.004, [Supplementary Information Table S2](#SD1){ref-type="supplementary-material"}). In contrast, there was no significant correlation between PTEN and miR-320 in the epithelial tumor cell compartment of the same TMA samples (Spearman rho=0.093, p=0.268). Interestingly, a significant inverse correlation was found between PTEN expression in the tumor and tumor stroma, while a strong positive correlation was found between miR-320 expression in the tumor and tumor stroma ([Table S2](#SD1){ref-type="supplementary-material"}), suggesting that downregulation of miR-320 in the stroma and tumor compartments may be mediated through distinct mechanisms.

Given the established relationship between PTEN function and ETS2 ^[@R6]^, we used these tissue arrays to examine the phosphorylation status of threonine 72 in ETS2 (P-ETS2^T72^), which corresponds to its active state as a transcriptional activator. This analysis revealed that P-ETS2^T72^ levels inversely correlated with miR-320 levels in breast carcinoma samples (Spearman correlation coefficient -0.166, p=0.04, [Supplementary Information Table S2](#SD1){ref-type="supplementary-material"}). The correlative human data raised the possibility of a functional connection between PTEN and miR-320 in blocking the function of ETS2 in stromal fibroblasts in a way that might bias the mammary gland microenvironment towards tumor suppression.

MiR-320 in stromal fibroblasts suppresses tumor cell and endothelial cell proliferation and invasion *in vitro* {#S5}
---------------------------------------------------------------------------------------------------------------

Increased proliferation and migration of epithelial cells with concurrent epithelial-mesenchymal transition (EMT) are hallmarks of malignant tumor growth ^[@R23],\ [@R24]^. Stromal fibroblasts are known to produce factors that signal to other cell types in the tumor microenvironment ^[@R25]^. To determine whether miR-320 in stromal fibroblasts influences the invasiveness of epithelial tumor cells, we developed a three-dimensional sphere invasion assay to monitor and quantify the migration of a non-invasive breast cancer tumor cell line (DB7). As monitored by microscopy, DB7 epithelial tumor cells embedded in a type I collagen matrix didn\'t migrate to any appreciable extent when incubated with either fresh media or conditioned media derived from wild-type MMFs ([Fig. 3a](#F3){ref-type="fig"}, left and middle panels). In contrast, migration was dramatically increased when DB7 cells were incubated with conditioned medium from *Pten*-null MMFs ([Fig. 3a](#F3){ref-type="fig"}, right panel). Interestingly, conditioned media from *Pten*-null MMFs elicited morphological changes in DB7 cells that resembled EMT ([Fig. 3a](#F3){ref-type="fig"}, magnified inserts). Using this invasion assay, we could showed that re-expression of miR-320 in *Pten*-null MMFs attenuated the migration capacity of DB7 cells and also restored their typical cuboidal epithelial morphology ([Fig. 3b](#F3){ref-type="fig"}). BrdU incorporation assays demonstrated that conditioned media from *Pten*-null MMFs overexpressing miR-320 eventually led to a modest but consistent decrease in the proliferation of DB7 cells ([Fig. 3c](#F3){ref-type="fig"});

Because co-injection of DB7 cells with MMFs lacking *Pten* or miR-320 resulted in highly vascular tumors, we examined whether miR-320 in MMFs might directly influence the behavior of endothelial cells using 3-dimensional tube formation assays. Conditioned media from *Pten*-null MMFs stimulated the invasion of endothelial cells into matrigel and enhanced their arrangement into branched, tube-like structures, while conditioned media from miR-320-expressing *Pten*-null MMFs mitigated these effects ([Fig. 3d](#F3){ref-type="fig"}). Moreover, conditioned media from *Pten*-null MMFs overexpressing miR-320 led to a decrease in the proliferation of endothelial cells compared to control ([Fig. 3e](#F3){ref-type="fig"}). Thus, we conclude that miR-320 in stromal fibroblasts profoundly influences the behavior of other cell types in the tumor microenvironment through the action of secreted factors.

Stromal miR-320 regulates a tumor-specific secretome {#S6}
----------------------------------------------------

We used a proteomic approach to identify the miR-320-regulated factors secreted by fibroblasts that modulate tumor and endothelial cell function. Mass spectrometry analysis of unfractionated, conditioned media from *Pten*-null MMFs, expressing either miR-320 or a negative control miR, identified 51 secreted proteins that were differentially represented, with 32 unique proteins present in the conditioned media from control *Pten*-null MMFs and 19 proteins unique to the conditioned media from miR-320 expressing *Pten*-null MMFs ([Supplementary Information Fig. S4a-b and Table S3](#SD1){ref-type="supplementary-material"}).

Western blot analysis on a subset of these proteins confirmed their differential secretion and also identified quantitative changes in the level of three additional secreted proteins that were not reproducibly detected by mass spectrometry, giving rise to a miR-320 responsive secretome profile of 54 factors ([Fig. 4a](#F4){ref-type="fig"} and [Supplementary Information Fig. 7a, Table S3](#SD1){ref-type="supplementary-material"}). Three main groups of secreted factors were identified in the 54-factor secretome. In the first group, secreted factors such as matrix metalloproteinase-9, matrix metalloproteinase-2, bone morphogenetic protein-1, lysyl oxidase homolog-2 (MMP9, MMP2, BMP1, LOXL2 respectively) and EMILIN2, were increased in *Pten^-/-^* MMFs. Re-introduction of miR320 into the cells resulted in decreased expression of these secreted factors back to near-normal levels ([Fig. 4a](#F4){ref-type="fig"}, top panel), suggesting they may represent direct targets of miR-320. In the second group, secreted factors such as Thrombospondin-1(THBS1) and Secreted frizzled-related protein-1(SFRP1), were downregulated in *Pten^-/-^* MMFs and re-introduction of miR320 restored their expression ([Fig. 4a](#F4){ref-type="fig"}, middle panel), and thus likely represent indirect targets of miR-320. Importantly, overexpression of anti-miR320 (see [Supplementary Information Fig. S2e](#SD1){ref-type="supplementary-material"}) led to an increase in the secretion of MMP9, MMP2, LOXL2 and EMILIN2 and a decrease in the secretion of THBS1 and SFRP1 ([Fig. 4a](#F4){ref-type="fig"}, top and middle panels). The third group of factors, represented by cathepsin B (CTSB), was dramatically increased in *Pten^-/-^* MMFs but remained unaffected by miR-320 re-expression ([Fig. 4a](#F4){ref-type="fig"}, bottom panels). Conditioned media had no effect on the expression of the miR-320 targets in DB7 cells ([Supplementary Information Fig. S4c](#SD1){ref-type="supplementary-material"}).

Two members of the *Pten*-regulated secretome were selected for further analysis, MMP9 and EMILIN2, which are thought to be involved in the control of epithelial cell migration^[@R26]^ and angiogenesis ^[@R27]^. Blocking MMP9 expression from stromal fibroblasts by either *Mmp9*-specific siRNA, or by treating conditioned media with an MMP9-specific antibody, blunted the ability of conditioned media derived from *Pten*-null MMFs to promote the migration of DB7 cells ([Fig. 4b, c](#F4){ref-type="fig"}). Similarly, blocking EMILIN2 expression by either *Emilin2*-specific siRNA or antibody reduced the ability of *Pten*-null MMF conditioned media to stimulate endothelial cell proliferation ([Fig. 4d, e](#F4){ref-type="fig"}). Thus, these results indicate that miR-320 regulates a fibroblast secretome required for remodeling of the ECM and vascular network.

*Ets2* is a direct target of miR-320 {#S7}
------------------------------------

Of the stromal-secreted proteins identified, only seven were predicted by miR/target recognition software to represent direct targets of miR-320 ([Supplementary Information Table S3](#SD1){ref-type="supplementary-material"}), indicating that regulation of this secretome may predominantly be an indirect consequence of miR-320 downregulation. Interestingly, *Ets2* was among the genes predicted to be directly regulated by miR-320 ([Supplementary Information Fig. S5a](#SD1){ref-type="supplementary-material"}). Moreover, promoter/enhancer sequences in 20 genes of the 54-factor secretome (37%) contain ETS2-binding elements that are conserved across species ^[@R28]-[@R33]^ ([Supplementary Information Table S4](#SD1){ref-type="supplementary-material"}), including *Mmp9*, which is a known *bona fide* transcriptional target of ETS2 ^[@R6]^. Based on the observed correlative relationship between PTEN, ETS2 and miR-320 expression in both MMFs and breast cancer samples, and the above *in silico* predictions, we entertained the possibility that ETS2 may be acting downstream of miR-320 to regulate the expression of a large fraction of the 54-factor secretome.

Consistent with this hypothesis, reintroduction of miR-320 in *Pten*-null MMFs led to a decrease in ETS2 protein levels and conversely, overexpression of the anti-miR-320 in wild-type fibroblasts increased ETS2 protein to levels found in *Pten*^-/-^ MMFs ([Fig. 5a](#F5){ref-type="fig"}, [Supplementary Information Fig. S7b](#SD1){ref-type="supplementary-material"}); no significant effect on Akt, Jnk and Erk signaling pathways, known to be upstream activators of ETS2^[@R6]^, were observed by the manipulations of miR-320 levels ([Supplementary Information Fig. S5b](#SD1){ref-type="supplementary-material"}). To test if miR-320 directly regulates ETS2, we examined the ectopic expression of an *Ets2* full-length cDNA with an authentic 3′ UTR containing the predicted miR-320 target sequences. Co-transfection of miR-320 along with this full length *Ets2* cDNA vector resulted in a marked decrease in ectopic ETS2 protein levels. Mutation of the predicted miR-320 target sequences in the *Ets2* 3′ UTR abolished this effect ([Fig. 5b](#F5){ref-type="fig"}, [Supplementary Information Fig. S5c, S7b](#SD1){ref-type="supplementary-material"}). Moreover, introduction of the *Ets2* 3′ UTR into a luciferase reporter gene was sufficient to modulate reporter expression in response to miR-320 ([Supplementary Information Fig. S5d](#SD1){ref-type="supplementary-material"}).

*In silico* analysis also predicted *Mmp9* and *Emilin2* to be direct targets of miR-320. Employing a similar experimental strategy as described above, we could show that *Mmp9* and *Emilin2* are directly regulated by miR-320 via their 3′ UTR target sequences ([Fig. 5c](#F5){ref-type="fig"}, [Supplementary Information Fig. S5c, S7c](#SD1){ref-type="supplementary-material"}; luciferase reporter gene assays in [Supplementary Information Fig. S5d](#SD1){ref-type="supplementary-material"}). Exogenous introduction of miR-320 into *Pten*-null MMFs also led to decreased *Ets2, Mmp9*, and *Emilin2* mRNA levels ([Supplementary Information Fig. S5e](#SD1){ref-type="supplementary-material"}). These results are consistent with a dual mechanism for the regulation of *Mmp9* expression that involves transcriptional control by ETS2 ^[@R6]^ and posttranscriptional control by miR-320.

Loss of *Pten* leads to activation of the PI3-Kinase/AKT pathway, which is believed to be the pathway responsible for the majority of phenotypes associated with loss of *Pten* in human tumors ^[@R34]^. However, *Pten* loss has also been shown to activate additional signaling pathways, including Akt-independent activation of the JNK pathway ^[@R35],\ [@R36]^. Based on preliminary results using small molecule inhibitors for Pten regulated pathways (data not shown), we focused on Akt1, Jnk1/Mapk8 and Jnk2/Mapk9 using the more specific approach of siRNA mediated knockdown ([Fig. 5d](#F5){ref-type="fig"}, [Supplementary Information Fig. S7d](#SD1){ref-type="supplementary-material"}). These experiments demonstrated that knockdown of either Jnk1/Mapk8 or Jnk2/Mapk9 in *Pten*-null fibroblasts led to a 2-3 fold increase in miR-320 expression, while knockdown of both led to a 5-fold increase in miR-320 expression. In contrast, knockdown of Akt1 had no significant effect on miR-320 expression.

A mouse stromal miR-320 profile predicts human breast cancer patient outcome {#S8}
----------------------------------------------------------------------------

To explore the clinical relevance of our findings, we used the mouse derived 54-secretome profile identified above to query stroma-specific expression profiles of breast cancer patients ^[@R37]^. Human homologues of the mouse 54-factor secretome profile were differentially expressed in tumor versus adjacent normal stroma ^[@R38]^, leading to a partial segregation of tumor stroma and normal stroma that attained statistical significance ([Fig. 6a](#F6){ref-type="fig"} and [Supplementary Information Table S5](#SD1){ref-type="supplementary-material"}). Importantly, the 54-factor secretome profile correlated with clinical outcome based on stromal gene expression in breast cancer patients ^[@R37]^ ([Fig. 6b](#F6){ref-type="fig"}). Given the role of *Ets2* in regulating the expression of a subset of these 54 genes (20/54), we also used this miR-320/*Ets2* regulated 20-gene subset to query the same stroma-specific expression profiles derived from breast cancer patients. As shown in [Figure 6c](#F6){ref-type="fig"}, the 20 gene *Ets2* subset differentiated tumor stroma from adjacent normal stroma even more effectively than the complete 54-gene list ([Fig. 6c](#F6){ref-type="fig"} and [Supplementary Information Table S5](#SD1){ref-type="supplementary-material"}) and robustly correlated with patient outcome ([Fig. 6d](#F6){ref-type="fig"}). The 54- or the 20-gene secretome profiles, when used to query additional expression profiles derived from whole tumors and linked to breast cancer patient outcome data ^[@R39]^, also correlated with patient outcomes ([Supplementary Information Fig. S6a, b](#SD1){ref-type="supplementary-material"}).

Discussion {#S9}
==========

In the current study, we identified a *Pten*-miR-320-*Ets2* tumor suppressor axis in stromal fibroblasts that modulates the inter-cellular communication within the tumor microenvironment and is responsible for pathological and molecular events observed in malignant human breast cancer. Loss of *Pten* in stromal fibroblasts results in down-regulation of miR-320 and the reprogramming of mRNA expression profiles in neighboring endothelial and epithelial cells of the mammary gland. We show that by influencing the behavior of multiple cell types, miR-320 in stromal fibroblasts is a critical *Pten*-regulated determinant for the suppression of epithelial tumors. While identifying a critical function for the miR-320-*Ets2* pathway in the stroma, our results don\'t show that the miR-320-*Ets2* pathway is strictly stromal specific. The pathway could also be active in tumor epithelial tumor cells that have low PTEN expression, although the PTEN IHC results suggest that in the majority of human breast cancer patients the pathway is unlikely to be active in both cell compartments.

Proteomic analysis of fibroblast conditioned medium identified a miR-320-regulated tumor-promoting secretome that when activated by loss of *Pten* incites profound changes in endothelial and epithelial cell phenotypes typical of malignant tumors. While some of the mRNAs encoding these secreted factors are targeted by miR-320 directly, for example EMILIN2, most are regulated indirectly through transcriptional control by ETS2, which is itself an essential direct target of miR-320. Together, these findings expose a miR-320 regulatory switch in normal fibroblasts that operates in a cell autonomous fashion to inhibit the expression of a tumor-promoting secretome and in a cell non-autonomous fashion to block expression programs in other cell types in the microenvironment that together suppress tumor cell growth and invasiveness. Remarkably, bioinformatic analyses demonstrated that a miR-320 secretome signature could distinguish normal from tumor stroma and could be utilized to robustly predict outcome in breast cancer patients, underlining the potential clinical impact of the stromal *Pten*-miR-320 regulatory axis on human breast cancer.

In conclusion, our results extend the concept of miR function beyond the tumor cell boundary by defining a complex network of communication within the tumor microenvironment that is necessary for tumor growth and spread. In spite of the overwhelming complexity, modulation of a few key regulatory nodes such as miR-320 may be sufficient to impede the most malignant properties of tumor cells, suggesting novel strategies for developing agents that disrupt select tumor microenvironment networks.
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![MiR-320 is a *Pten* target in fibroblasts that suppresses tumor growth\
**A.** Expression of selected microRNAs was validated by qRT-PCR in three sets of primary *Pten*^+/+^ or *Pten^-/-^* MMFs. Relative MiR expression level (normalized to 18S ribosomal RNA) is shown as mean ±SD. miR-296-5p is an example of a miR whose expression did not change.\
**B.** Gene profiling was performed (n=2) on three types of cells from mammary glands with *Pten^LoxP/LoxP^*(*Pten*^+/+^) or *Fsp-cre;Pten^LoxP/LoxP^*(*Pten*^-/-^) as indicated. Heat map shows gene signature with 314 genes changed in fibroblasts, 919 genes changed in epithelial cells and 323 genes changed in endothelial cells (\>2-fold and p\<0.05).\
**C.** Representative images of tumors before and after excision from mice injected with DB7 cells admixed with *Pten*^+/+^ (n=7) or *Pten^-/-^* (n=16) MMFs (left panel), and DB7 cells admixed with *Pten^-/-^* MMFs or *Pten^-/-^* cells re-expressing miR-320 (n=9) (right panel). Tumor weights were quantified after four weeks, and the data are expressed as mean ±SD. All three groups were tested by ANOVA and subsequent adjusted pairwise comparisons were performed. These comparisons were significant: *Pten*^+/+^ vs. *Pten^-/-^* MMFs; p = 5.58E -06. *Pten*^+/+^ vs. *Pten^-/-^* miR-320 MMFs; p = 0.022215. *Pten^-/-^* vs. *Pten^-/-^* miR-320 MMFs; p = 0.007976.\
**D.** Epithelial tumor cell proliferation measured by BrdU incorporation in xenografts composed of DB7 cells admixed with *Pten*^-/-^ or *Pten*^+/+^ MMFs transfected with either negative control (NC), miR-320 (320, upper right panel) or anti-miR-320 (a320, lower right panel); n=4 for each group. The epithelial/fibroblast composites were harvested five days after subcutaneous growth in mice. BrdU injection was performed 3h before harvesting the tissue. Scale bars: 25μm. Data are expressed as mean ±SD \*p \< 0.05.\
**E.** Angiogenesis determined using CD31 staining to detect blood vessels in nascent tumors composed of DB7 cells and the same *Pten*^-/-^ or *Pten*^+/+^ MMFs transfected with negative control (NC), miR-320 (320, upper panels) or anti-miR-320 (a320, lower panels), as above. The epithelial/fibroblast mixtures were grown for five days subcutaneously in mice. Representative micrographs showing merged images are shown (CD-31 - green, DAPI - blue). Scale bars: 50μm. Data are expressed as mean ±SD \*p \< 0.05.](nihms337187f1){#F1}

![MiR-320 and PTEN are co-expressed in human tumor stroma\
**A.** Representative images of miR-320 ISH staining in paraffin imbedded, human normal (control) and breast cancer tissue; scrambled control was performed on adjacent normal breast tissue. Images were captured with the Nuance multispectral system (blue channel shown). Scale bars: 50μm. Percentage of positive cells per random field was determined in normal and carcinoma TMA sections from 126 matched patient samples (see Methods); results shown as mean ±SD on graph. P-value=1.76E^-15^.\
**B.** Representative multispectral images of human breast carcinoma TMA samples stained for both miR-320 (ISH staining, blue) and PTEN (IHC, red). Upper panels -low magnification; bottom panels - high magnification. Scale bars: 50μm. Co-localization of both miR-320 and PTEN signals determined from the merged image was converted to fluorescent (yellow) signal using the Nuance multispectral system and is indicated by the arrows.](nihms337187f2){#F2}

![*Pten* and MiR-320 in fibroblasts control tumor cell migration and growth\
**A.** Representative images of DB7 mammospheres in the presence of DMEM/FBS medium (Con) (n=6) or conditioned medium (CM) produced by either *Pten*^+/+^ (n=4) *or Pten^-/-^* (n=6) MMFs (left). Scale bars: 100μm. Quantification of migratory zones indicated by arrows (right) expressed as mean area of migration ±SD. \*p \< 0.01. The inserts in all panels are magnified ×2.5.\
**B.** Representative images of DB7 mammospheres in the presence of conditioned medium from *Pten^-/-^* MMFs expressing miR negative control (*Pten^-/-^* NC) (n=12) or miR-320 precursor (*Pten^-/-^*320) (n=12). Scale bars: 200μm. Quantification of migratory zones indicated by arrows (right) expressed as mean area of migration ±SD. \*p \< 0.01.\
**C.** Representative images of BrdU incorporation in DB7 cells in the presence of conditioned medium from MMFs expressing miR negative control (*Pten^-/-^* NC) (n=4) or with miR-320 precursors (*Pten^-/-^*320) (n=4) (left). Scale bars: 100μm. Data expressed as mean ±SD \*p \< 0.01.\
**D.** Representative images of tube-like formation of endothelial cells grown on Matrigel in the presence of conditioned medium from MMFs expressing miR negative control (*Pten^-/-^* NC) (n=3) or with miR-320 precursor (*Pten^-/-^*320) (n=3). Quantification of tube formation (right) expressed as mean ±SD. \*p \< 0.01. Scale bars: 50μm.\
**E.** Representative images of BrdU incorporation by endothelial cells in the presence of conditioned medium from MMFs expressing miR negative control (*Pten^-/-^*NC) (n=3) or with miR-320 precursors (*Pten^-/-^*320) (n=3) (left). Data expressed as mean ±SD \*p \< 0.01. Scale bars: 100μm.](nihms337187f3){#F3}

![MiR-320 regulates the secretome of MMFs\
**A.** *Pten*^+/+^ and *Pten^-/-^* MMFs were left untreated (lane 1 and 2) or were transiently transfected with miR negative control (NC), miR-320 precursors (320) or anti-miR-320 precursor (anti-320), respectively. Conditioned media was examined by Western blotting with antibodies against the indicated protein; *THBS2* serves as internal control. Full length blots are presented in [Supplementary Figure 7a](#SD1){ref-type="supplementary-material"}.\
**B.** Representative images of DB7 mammospheres in the presence of conditioned medium *from Pten^-/-^* MMFs expressing siRNA negative control (NC) (n=4) or siRNA against *Mmp9* (n=4). MMP9 down-regulation was verified by Western blot using MMP9 antibody. MMP2 was used as a loading control. Scale bars are 200μm. The inserts in all panels are magnified ×2.5. Quantification of migratory zones (indicated by arrows) expressed as mean area of migration ±SD. \*p \< 0.01 (bar graphs).\
**C.** Representative images of DB7 mammospheres in the presence of conditioned medium from *Pten^-/-^* MMFs pre-cleared with IgG (n=4) or IgG pre-coupled with α-MMP9 (n=4). Western blot using MMP9 antibody in pre-cleared and input control samples were performed as a control. Scale bars are 200μm. The inserts in all panels are magnified ×2.5. Quantification of migratory zones (indicated by arrows) expressed as mean area of migration ±SD. \*p \< 0.01 (bar graphs).\
**D.** Representative images of BrdU incorporation in endothelial cells in the presence of conditioned medium from *Pten^-/-^* MMFs expressing siRNA negative control (NC) (n=3) or siRNA against *Emilin2* (n=3). Emilin2 down-regulation was verified by Western blot using EMILIN2 antibody. Scale bars are 100μm. Data expressed as mean ±SD \*p \< 0.01.\
**E.** Representative images of BrdU incorporation in endothelial cells in the presence of conditioned medium from *Pten^-/-^* MMFs pre-cleared with IgG (n=3) or IgG pre-coupled with α-EMILIN2 (n=4). Western blot using EMILIN2 antibody in pre-cleared and input control samples were performed as a control. Scale bars are 100μm. Data expressed as mean ±SD \*p \< 0.01.](nihms337187f4){#F4}

![Identification and characterization of *Ets2, Mmp9* and *Emiln2* as *bona fide* targets of miR-320\
**A.** *Pten*^+/+^ and *Pten^-/-^* MMFs were left untreated (lane 1 and 2) or were transiently transfected with miR negative control (NC), miR-320 precursors (320) or anti-miR-320 (anti-320), respectively. Nuclear extracts were blotted with anti-ETS2 antibody or anti-PTEN antibody; anti-β-actin antibody was used as a loading control.\
**B.** COS7 cells were transfected with full length cDNA (5′-UTR/ORF/3′-UTR) of: *Ets2* (*Ets2*+*UTR*) wild type (wt) or mutated in miR-320 seeding region (mut) expression vector and co-transfected with either miR negative control (NC) or miR-320 precursors (320). Cell lysates or conditioned medium were blotted with anti-ETS2, antibody; anti-β-actin antibody was used as a loading control.\
**C.** COS7 cells were transfected with full length cDNA (5′-UTR/ORF/3′-UTR) of: *Mmp9* (*Mmp9*+UTR) (left panel) or *Emilin2* (*Emilin2*+UTR) (right panel) and co-transfected with either miR negative control (NC) or miR-320 precursors (320). Cell lysates or conditioned medium were blotted with anti-MMP9 or anti-EMILIN2 antibody; anti-β-actin antibody was used as a loading control.\
**D.** *Pten^-/-^* MMFs were transiently transfected either with siRNA negative control (NC) or siRNA against Akt1, Mapk8/Jnk1, Mapk9/Jnk2 or the combination of Mapk8/Jnk1 and Mapk9/Jnk2. Akt and Jnk phosphorylation status was verified by Western blot using anti-phospho specific antibodies, and compared to total kinase levels using non-discriminating antibodies. Tubulin was used as a loading control. Expression of miR-320 was validated by qRT-PCR (n=3). Mean relative miR expression level ±SD is shown. For A, B, C, D full length blots are presented in [Supplementary Figure 7b-d](#SD1){ref-type="supplementary-material"}.](nihms337187f5){#F5}

![The miR-320 secretome profile separates human breast normal and cancer stroma and predicts patient outcome\
**A.** Heat map displaying the differential expression in human tumor versus normal stroma of the 40 human orthologs from the 54-factor mouse secretome that were retrieved from the McGill stromal microarray (GSE4823). The *p-value* indicates the ability of the 40-gene signature to partition normal and tumor stroma compared to 10,000 random permutations (see Methods).\
**B.** Expression of the 40 secretome gene signature present in GSE9014 data set correlates with poor patient outcomes. Kaplan Meir curves of high and low-risk groups based on expression of the 40 gene secretome signature. The permutation p-value of the log-rank test statistic between risk groups is based on 1000 permutations.\
**C.** Heat map displaying the differential expression in tumor versus normal stroma of 13 human orthologs from the 20 ETS2-target genes that were retrieved from the McGill breast cancer stroma microarray, (GSE4823). The *p-value* indicates the ability of the mouse 17-gene signature to partition normal and tumor stroma as above (see Methods).\
**D.** Expression of the subset of secretome genes directly regulated by ETS2 (13/20 genes in GSE4823) correlates with poor patient outcomea. Kaplan Meir survival curves of high and low-risk groups based on expression of the 13 gene ETS2-related secretome signature. The permutation p-value of the log-rank test statistic between risk groups is based on 1000 permutations.](nihms337187f6){#F6}
